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. Introduction 

chizophrenia is a chronic neuropsychiatric disorder that 
s considered the most severe expression of the psychosis 
pectrum syndrome. Recent studies showed that infection 
uring pregnancy acts synergistically with other risk factors, 
hus increasing the risk of psychosis in offspring ( Blomstrom
t al., 2016 ). Furthermore, clinical and pre-clinical stud- 
es indicate that both neonates who will develop psychosis 
nd adults with psychosis have deficiencies in innate immu- 
ity, suggesting that they are more vulnerable to infections 
 Gardner et al., 2013 ). Genetic and transcriptomic stud-
es also support the contribution of immune activation to 
chizophrenia and psychosis ( Ripke et al., 2013; Sanders 
t al., 2017; Schizophrenia Working Group of the Psychiatric 
enomics, 2014 ). Moreover, predisposition to other environ- 
ental factors increases the sensitivity of some individu- 
ls to stress, thus contributing to immune activation and 
aking them more vulnerable to developing psychosis un- 
er stressful circumstances ( van Os et al., 2014 ). 
Clinical efforts have focused on preventive strategies, 
ith the aim of delaying and ultimately preventing the psy- 
hosis onset ( Sommer and Arango, 2017; Sommer et al.,
016 ). UHR individuals have a 15–30% risk of developing 
ull psychotic disorder within 12 months of the first clin-
cal presentation and a > 36% risk after 3 years ( Yung,
017 ). Early interventions in this prodromal period before 
EP onset, which is characterized by non-specific psychi- 
tric symptoms, have become a major focus of research on 
chizophrenia ( Cannon et al., 2016; Carpenter and Schiff- 
an, 2015; Millan et al., 2016; Sommer and Arango, 2017 ).
n the preclinical side, recent studies have demonstrated 
hat antipsychotics can immediately normalize endoge- 
ous antioxidant/anti-inflammatory activity in rat models 
f neuroinflammation ( MacDowell et al., 2013 ) and stress 
ss (IOS) are considered key pathophysiological elements in the
s. Recent studies demonstrated that the antipsychotic risperi-
 effect in the brain. We administered risperidone for 2-weeks at
 preventing brain-related IOS changes in the maternal immune
hood. We also investigated the development of volumetric and
reas related to the HPA-axis. Poly I:C (MIS) or saline (Sal) were
ts on GD15. Male offspring received risperidone or vehicle daily
 4 groups (8–15 animals/group): Sal-vehicle, MIS-vehicle, Sal-
. [ 18 F]FDG-PET and MRI studies were performed at adulthood
re. IOS and neurotrophic markers were measured using WB and
eridone elicited a protective function of schizophrenia-related
done elicited the following effects: reduced volume in the ven-
educed glucose metabolism in the cerebellum, periaqueductal
x; higher FDG uptake in the cingulate cortex, hippocampus,
ed NF κB activity and iNOS expression; and increased enzymatic
rain areas. Our study suggests that some schizophrenia-related
n the MIS model. It also stresses the need to search for novel
atory compounds in risk populations at early stages in order to

ll rights reserved. 

 MacDowell et al., 2016 , 2017c ). Additionally, structural
rain changes have been prevented or diminished in the MIS
odel using antipsychotics such as clozapine ( Piontkewitz 
t al., 2009 ) or risperidone ( Piontkewitz et al., 2011 ) during
dolescence. 
This study was designed to prevent the brain deficits asso-

iated with the MIS model by administration of risperidone,
n antipsychotic with anti-inflammatory properties, at an 
arly stage before the onset of disease. To our knowledge,
his is the first study to evaluate brain glucose metabolism
nd morphology using positron emission tomography (PET) 
ith 2-deoxy-2-[ 18 F]fluoro-D-glucose (FDG) and voxel-based 
orphometry (VBM) approaches adapted to rodents. We 
lso measured the reduction in inflammation and oxidative 
tress and investigated the improvement in volumetric and 
etabolic brain changes as outcomes. 

. Experimental procedures 

.1. Animals 

ifty-one Wistar rats were maintained at constant temperature
24 ± 0.5 °C) under 12-h light/dark cycle, with free access to com-
ercial rodent laboratory chow and water. All procedures were
onducted in conformity with the European Communities Council
irective 2010/63/EU and approved by the Ethics Committee for
nimal Experimentation of our hospital (number ES280790000087). 
ig. 1 shows the design of the study. 

.2. Drug treatment 

renatal Poly I:C was administered as previously described ( Hadar 
t al., 2015 ). On post-natal day (PND) 21, male offspring were
eaned and housed 2–4 per cage. 
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Fig. 1 Study design. Representative diagram of the chronology of the experimental procedures performed during the study ac- 
cording to the age of the animals. Abbrev.: GD, Gestational day; ip, Intraperitoneal; iv, Intravenous; PND, Post-natal day. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Postnatal risperidone was given on PNDs 35–49 (peri-
adolescence). Animals received a daily i.p. injection of risperidone
(RISP) (1.2 mg/kg) or saline (vehicle). Risperidone (Janssen-Cilag,
Spain) was dissolved in 0.1 M tartaric acid (7.5 μL/1 mg) and diluted
with saline. 

2.3. Imaging studies 

Animals were scanned at PND120 (adulthood) (10–15 ani-
mals/group). 

2.3.1. Magnetic resonance imaging (MRI) 
Animals were scanned using a 7-Tesla Biospec 70/20 scanner
(Bruker, Germany) under sevoflurane anesthesia (4.5% induction,
2.5% maintenance in 100% O 2 ). A coronal T2-weighted spin echo se-
quence was acquired with TE = 33 ms, TR = 3732 ms, averages 2
and slice thickness 0.8 mm (34 slices). Matrix size was 256 × 256
pixels at a FOV of 3.5 × 3.5 cm 

2 . 

2.3.2. Positron emission tomography (PET) 
Animals were scanned using a small-animal ARGUS PET/CT scanner
(SEDECAL, Spain). Acquisition protocol and reconstruction of the
data were performed as previously described ( Casquero-Veiga et
al., 2018a , b ). 

2.3.3. Computed tomography (CT) 
Studies were acquired using the above-mentioned scanner with
the following parameters: 340 mA, 40KV, 360 projections, 8 shots
and 200 μm of resolution. Images were reconstructed using a
Feldkamp algorithm (isotropic voxel size of 0.121 mm) ( Abella
et al., 2012 ). 

2.4. Western blot 

Frozen tissue samples from the prefrontal cortex (PFC), hippocam-
pus, caudate-putamen, and amygdala of 8–15 animals/group were
used for the study of oxidative/nitrosative and inflammatory in-
ducible enzymes such as iNOS and COX-2, as well as the anti-
inflammatory regulator inhibitory alpha subunit of nuclear factor
kappa-b (I κB α) in cytosolic extracts. Moreover, those brain areas
with changes in metabolic activity in the PET studies [retrosple-
nial cortex (RSA), hypothalamus, ventral and dorsal hippocampus
(v/dHipp)] were chosen in 5 animals/group for the study of the
neurotrophin BDNF, its main functional full-length tyrosine kinase B
receptor (TrkB) and the ionized calcium binding adaptor molecule
1 (iba1). Tissue was solubilized in a 50-mM Tris-hydrochloride (pH
7.7) buffer containing protease and phosphatase inhibitor cocktails
(P2714, P5726; Sigma, Spain). Protein levels were measured using
the Bradford method. 

Expression levels of TrkB, BDNF and iba1 were determined using
50 μg of total protein and 15 μg of cytosolic extract for iNOS, COX2,
and I κB α. Proteins were loaded into an electrophoresis gel and
blotted onto a membrane with a semi-dry transfer system. Blots
were blocked with 5% BSA (Sigma, Spain) and incubated overnight
at 4 °C with the following antibodies: rabbit anti-TrkB (sc-12,
1:500), rabbit anti-BDNF (sc-20981, 1:500), rabbit anti-I κB α,
(sc-371, 1:1000), rabbit anti-iNOS (sc-650, 1:750), goat anti-COX2
(sc-1747, 1:1000) (SCBT, USA), rabbit anti-iba1 (WEG2172, 1:500;
Dako, USA), and rabbit anti- β-actin (A2103, 1:10,000; Sigma,
Spain). These primary antibodies were detected using IRDye 800CW
goat anti-rabbit secondary antibody (1:10000; LI-COR ®, USA) or
horseradish peroxidase-linked secondary antibodies. Antibody bind-
ing was detected using an Odyssey Fc System (LI-COR ®, Germany).
All blots were performed at least 3 times in separate assays. 

2.5. Nuclear factor kappa B (NF κB) activity 

NF κB activation was measured in nuclear extracts ( MacDowell
et al., 2016 ) of tissue sample from the PFC, hippocampus, caudate-
putamen and amygdala using a commercially ELISA-based system
(Cayman Chemical, Estonia). 

2.6. Antioxidant enzyme activity 

Tissue samples from PFC, hippocampus, caudate-putamen and
amygdala were homogenized by sonication in 400 μL PBS (pH7)
mixed with a protease inhibitor cocktail (Complete ®; Roche), fol-
lowed by centrifugation at 10,000 g for 15 min at 4 °C. Supernatants
were used for determinations of superoxide dismutase (SOD), cata-
lase (CAT) (Arbor Assay, USA) and glutathione peroxidase (GPx,
Cayman Chemical, Estonia). Results were expressed as U/mg of
protein. 

2.7. Data analysis 

Two factors were studied: MIS-model (saline/Poly I:C) and treat-
ment (vehicle/risperidone). 

2.7.1. MRI analysis 
First, predefined regions of interest (ROIs) of mainly subcortical
brain areas were analyzed. Then, a second analysis was performed
throughout the entire brain using a VBM approach. 

Five manual ROIs were segmented (coordinates from Bregma)
( Paxinos and Watson, 2008 ), as follows: hippocampus ( −2.12 to
−6.7 mm), lateral ventricles (1.60 to −8.30 mm), caudate-putamen
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1.70 to −1.80 mm), pituitary gland ( −4.8 to −6.8 mm) and whole
rain. Data were analyzed by means of 2-way ANOVA followed by a
airwise interaction contrast. 
MRI processing for VBM was performed by combining different 

ools (Advanced Normalization Tools [ANTs], Statistical Parametric 
apping software - http://www.fil.ion.ucl.ac.uk/spm/software/ 
pm12 - [SPM12] and ad-hoc scripts developed in Matlab). First,
ach image was corrected using the N4 bias field correction
lgorithm ( Tustison et al., 2010 ) and resized by a factor of 10
 Biedermann et al., 2012 ). These images were linearly realigned
o the template image created by Valdes-Hernandez for rat brain
 Valdes-Hernandez et al., 2011 ) and resliced to the template space
isotropic voxel of 1.25 mm) using SPM tools. Second, these data
ere used to create a rat-specific template by using the ANTs
emplate construction script with the previous Wistar rat brain 
emplate ( Valdes-Hernandez et al., 2011 ). This new template was
ealigned to the Valdes ś template image as a starting point. Then,
ll resliced images were spatially normalized to the custom tem-
late using optimized ANTs registration tools. Once all images were
n the Wistar rat template space, they were segmented into gray
atter (GM), white matter, and cerebrospinal fluid with the SPM
ew segment tool using the probabilistic maps of the Wistar rat
rain as priors ( Valdes-Hernandez et al., 2011 ). Afterwards, only
M images were modulated using the Jacobian determinants from 

he spatial normalization process to preserve gray matter volume 
ithin each voxel. Finally, all modulated data were smoothed with
 10-mm FWHM Gaussian kernel. Fig. 2 shows the flow diagram
f the structural image processing. The statistical analysis was 
erformed using SPM12 software and groups were compared using
n ANOVA test ( p < 0.005, uncorrected). A 1000-voxel clustering
spatial-extent) threshold was applied to reduce type I error. The
tatistical analysis with a threshold of p < 0.01, uncorrected, is
vailable at the supplementary data (suppl.fig. 1). 

.7.2. PET analysis 
ET image post-processing and intensity normalization were per- 
ormed following protocols previously described ( Gasull-Camós 
t al., 2017 ). As in the MRI study, PET data was analyzed by pre-
efined ROIs, and a second analysis throughout the entire brain was
erformed using SPM software. 
Six ROIs (whole brain, caudate-putamen, hippocampus, cerebel- 

um, amygdala and temporal cortex) were manually segmented in 
he MRI template according to the brain atlas ( Paxinos and Wat-
on, 2008 ) in order to determine the intragroup global metabolic
ifferences and corroborate regional SPM results. Data were an- 
lyzed using 2-way ANOVA followed by a pairwise interaction 
ontrast. 
The voxel-based study was performed by using SPM12 software 

nd groups were compared using an ANOVA test ( p < 0.01, uncor-
ected). Since statistics were not corrected for multiple compar- 
sons, the results should be taken with caution because of the un-
eglectable chance for alpha-errors. A 50-voxel clustering (spatial- 
xtent) threshold was applied to reduce type I error. The statistical
nalysis with a p < 0.05 threshold, uncorrected, is available at the
upplementary data (suppl.fig. 2). 

.7.3. Western blot and activity analysis 
estern blot digital images were analyzed using densitometry (Im- 
geJ, NIH, USA). Values were normalized to the loading control ( β-
ctin) and expressed as a percent variation from the control. Data
rom the activity assays were normalized with the protein content
f each sample. Data were analyzed by means of 2-way ANOVA fol-
owed a by pairwise interaction contrast. 
Statistical analysis for ROIs, western blot and enzymatic activity 

ere performed by using IBM SPSS20 and were two-tailed with a

-value of 0.05. p
. Results 

.1. Brain volumetry 

nimals weight was analyzed to discard any influence on
rain size. ANOVA showed no difference on weight for MIS
F(1,47) = 2.021, p = 0.162) or treatment (F(1,47) = 2.081,
 = 0.156). No interaction was found (F(1,47) = 0.008,
 = 0.929). Thus, data were not normalized by weight for
voiding to lose any volumetric effect. 

.1.1. ROI analysis ( Fig. 3 B, Suppl, Table 1 ) 
NOVA revealed a significant effect of MIS in the hip-
ocampus, ventricles and pituitary; with reduced volume in 
he hippocampus and increased volume in the ventricles, 
FC and pituitary in MIS-offspring compared with saline- 
ffspring. Also, a significant effect of risperidone was found
n the whole brain, hippocampus and ventricles; with re-
uced volume in the previous three regions in MIS-offspring.
n interaction was found in the caudate-putamen and pitu-
tary. 

.1.2. VBM analysis ( Fig. 3 , Table 1 ) 

.1.2.1. Pharmacological effect of risperidone. In saline- 
ffspring ( Fig. 3 A.1, left), risperidone significantly reduced
M volume in the cortex, RSA, vHipp, cerebellar vermis,
ucleus accumbens (NAcc), and amygdala-ventral pallidum 

VP) and a significant increase in the left entorhinal cortex.
n MIS-offspring ( Fig. 3 A.1, right), risperidone induced lower
olume in the cortex, RSA, vHipp, cerebellar vermis, NAcc,
mygdala-VP, and the parabrachial nuclei; and higher vol- 
me in the prelimbic cortex, caudate-putamen, septum and 
abenula. 
.1.2.2. Model comparison after each treatment. Vehi- 
le treatment induced significant GM volume reductions in 
he caudate-putamen, septum, vHipp, RSA, and somatosen- 
ory cortex in the MIS-offspring compared to saline-offspring 
 Fig. 3 A.2, left). These changes were greater after risperi-
one treatment, with significant GM volume reductions in 
he RSA, cortex, hippocampus, vermis, right VP, amygdala 
rea, caudate-putamen, and cerebellum in MIS-offspring 
ompared with saline-offspring ( Fig 3 A.2. right). 
.1.2.3. Interaction. An interaction was found in the 
epto-hippocampal area ( Table 1 , suppl. Fig. 3). 

.2. Brain metabolism 

.2.1. ROI analysis ( Fig. 4 B., Suppl. Table 1 ) 
NOVA revealed a significant effect of MIS in the tempo-
al cortex and almost significant in the PFC with reduced
etabolism in the hippocampus and increased metabolism 

n the amygdala in MIS-offspring compared with saline- 
ffspring. A significant effect of risperidone was found in the
hole brain, hippocampus, PFC, caudate-putamen, cere- 
ellum and amygdala; with reduced metabolism in the 
hole brain and cerebellum and increased metabolism in 
he hippocampus and almost significant in the caudate- 
utamen. Moreover, an interaction was found in the hip-
ocampus and amygdala. 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12
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Fig. 2 MRI pipeline for VBM analysis. Schematic flowchart of the MRI processing steps for voxel based morphometry analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Table 1 , suppl. Fig. 3). 
3.2.2. SPM analysis 
3.2.2.1. Pharmacological effect of risperidone. In saline-
offspring ( Fig. 4 A.1, left), risperidone induced lower glu-
cose metabolism in the olfactory bulb, paraventricular nu-
cleus, cerebellum, septum, hypothalamus, periaqueductal
gray matter (PAG), substantia nigra, ventral tegmental area
(VTA), and raphe nucleus; and higher uptake in the cingu-
late cortex, PFC, vHipp, entorhinal cortex and amygdala. In
MIS-offspring ( Fig. 4 A.1, right), risperidone induced lower
metabolism in the OB, cerebellum, cortex, medial thala-
mus, PAG, and VTA and higher uptake in the CC, PFC, vHipp,
and brainstem. 
3.2.2.2. Model comparison after each treatment.
Vehicle-treatment induced lower cortical metabolism
and higher metabolism in the NAcc, amygdala and entorhi-
nal cortex in MIS-offspring compared with saline-offspring
( Fig. 4 A.2, left). Risperidone induced lower metabolism
in the cerebellum, PAG, and the parietal cortex and
higher FDG uptake in the cingulate cortex, hippocampus-
thalamus, and brainstem in MIS-offspring compared with
saline-offspring ( Fig. 4 A.2, right). 
3.2.2.3. Interaction. An interaction was found in the
brainstem, hippocampus and amygdala-entorhinal cortex
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Fig. 3 Volumetric changes measured via MRI. (A) VBM analysis: Colored VBM overlays on the MR reference indicate volume increases 
(hot colors) or decreases (cold colors). Pharmacological effect of risperidone in saline and MIS-offspring (A.1) and treatment re- 
sponse in MIS animals compared with saline-offspring (A.2). Statistical threshold at p < 0.005, uncorrected. The color bars represent 
the T values corresponding to lower (blue color) and higher (red color) volume. Left (L), Right (R). (AAA: amygdala area, C: cor- 
tex, Cb: cerebellum, CP: caudate-putamen, Hipp: hippocampus, NAcc: nucleus accumbens, RSA: retrosplenial cortex, OB: olfactory 
bulb). (B) ROI analysis: Sagittal, coronal, and axial views of a T2-weighted MR scan of a rat brain. Manual ROIs were placed by identi- 
fying the 3D coordinates of each structure on the rat brain atlas ( Paxinos and Watson, 2008 ) and locating the corresponding position 
in each MRI (red = pituitary; green = caudate; purple = ventricles; blue = hippocampus; and yellow = prefrontal cortex). Global and 
regional volumetric changes in adulthood after risperidone treatment during adolescence in saline and MIS-offspring. Each column 
represents the mean ± SEM of 9–14 animals (Saline-VH 11, Saline-RIS 9, MIS-VH 14, MIS-RIS 14). 2-way ANOVA followed by a pairwise 
interaction contrast [ ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05 vs vehicle-treated animals, &&& p < 0.001, && p < 0.01, & p < 0.05 vs saline 
animals]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

3
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A  

d  

interaction was found. 
.3. Neurotrophins 

able 2 and Fig. 5 show the results corresponding to neu-
otrophins and oxidative/inflammatory parameters. 

.3.1. TrkB 

NOVA revealed a significant effect of MIS in RSA, hypotha-
amus, ventral and dorsal hippocampus; with a significant 
eduction in TrkB expression in MIS-offspring compared with 
aline-offspring. Risperidone did not alter TrkB expression 
n any area assessed. No interaction was found. 

.3.2. BDNF 

NOVA indicated a significant effect of MIS in RSA. Risperi-
one did not alter BDNF expression in any area assessed. No
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Table 1 Brain volumetric and metabolic changes in the voxel-based analysis. 

Effect of risperidone in saline and MIS-offspring (1) and treatment response in MIS-offspring compared with saline-offspring (2). (A) Volumetric changes measured using MRI and (B) Metabolic 
changes measured using PET. 
Type of change ( ↑ increase, ↓ decrease), ROI: region of interest, Side (L: left, R: right), t -value (T), statistical p -value (p) (uncorrected and corrected for multiple comparisons, FDR) at peak 
and cluster level, k (cluster size in number of voxels). 
Abbrev.: AA: Amygdala; BS: Brainstem; C: Cortex; Cb: Cerebellum; CC: Cingulate C; CPU: Caudate-putamen; Ent C: Entorhinal C; hTh: Hypothalamus; NAcc: Nucleus accumbens; OB: Olfactory 
area; PAG: Periaqueductal gray matter; PBN: Parabrachial nucleus; PFC: Prefrontal C; PrL: Prelimbic C; RN: Raphe nucleus; RSA: Retrosplenial C; SN: Substantia nigra; SSC: Somatosensorial 
C; Th: Thalamus; vHipp: ventral hippocampus; dHipp: Dorsal hippocampus; VP: Ventral pallidum; VTA: Ventral tegmental area. 
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Fig. 4 Brain metabolic changes measured via PET. (A) SPM analysis: Colored PET overlays on the MR reference indicate increased 
FDG uptake (hot colors) or decreased FDG uptake (cold colors). Pharmacological effect of risperidone in saline and MIS-offspring 
(A.1) and treatment response in MIS animals compared with saline-offspring (A.2). Statistical threshold at p < 0.01, uncorrected. 
The color bars represent the T values corresponding to lower (blue color) and higher (red color) volume. Left (L), Right (R). (AA-Ent: 
amygdala-entorhinal area, BS: brainstem, C: cortex, Cb: cerebellum, CC: cingulate cortex, PAG: periaqueductal gray matter, vHipp: 
ventral hippocampus). (B) ROI analysis: Sagittal, coronal, and axial views of a T1-weighted MR scan of a rat brain. Manual ROIs were 
placed by identifying the 3D coordinates of each structure on the rat brain atlas ( Paxinos and Watson, 2008 ) and locating the 
corresponding position in the MRI (red = cerebellum; green = dorsal hippocampus; purple = ventral hippocampus; blue = amygdala; 
and yellow = temporal cortex). Graphs show the global and regional metabolic changes at adulthood after risperidone treatment 
during adolescence. Each column represents the mean ±SEM of 10–15 animals (Saline-VH 10, Saline-RIS 11, MIS-VH 15, MIS-RIS 15).. 
2-way ANOVA followed by a pairwise multiple comparisons test [ ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05 vs vehicle-treated animals, 
&&& p < 0.001, && p < 0.01, & p < 0.05 vs saline animals]. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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.4. Oxidative/inflammatory parameters 

.4.1. iba1 

NOVA revealed a significant effect of MIS in hypothalamus, 
entral and dorsal hippocampus of MIS-offspring compared 
ith saline-offspring. Risperidone did not significantly mod- 
fy its expression. No interaction was found. 

.4.2. NF κB 

o MIS effect was found. A significant risperidone effect ap-
eared in PFC, hippocampus and amygdala, with decreased 
F κB expression. No interaction was found. 
.4.3. I κB α

 significant MIS effect was found in the PFC, hip-
ocampus and amygdala, with increased I κB α expression 
n MIS-offspring compared with saline-offspring. A signifi- 
ant risperidone effect was found in the amygdala, with
ncreased expression in MIS-offspring. An interaction was 
ound in the amygdala. 

.4.4. iNOS 
NOVA showed a significant MIS effect in the PFC, hippocam-
us, caudate-putamen and almost significant effect in the 
mygdala, with increased iNOS expression in MIS-offspring 
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Table 2 Risperidone-related effects on the expression of neurotrophic (A) and IOS (B and C) in saline and MIS-offspring. 

MIS Treatment Interaction 

A) Neurotrophic markers 
TrkB 

Retrosplenial cortex F (1,16) = 6.49 ∗ F (1,16) = 0.06 F (1,16) = 0.02 
Hypothalamus F (1,16) = 79.04 ∗∗∗ F (1,16) = 1.71 F (1,16) = 1.39 
Ventral hippocampus F (1,16) = 29.64 ∗∗∗ F (1,16) = 0.07 F (1,16) = 0.28 
Dorsal hippocampus F (1,16) = 32.77 ∗∗∗ F (1,16) = 0.35 F (1,16) = 0.44 

BDNF 

Retrosplenial cortex F (1,15) = 4.60 ∗ F (1,15) = 1.10 F (1,15) = 0.33 
Hypothalamus F (1,16) = 1.87 F (1,16) = 1.30 F (1,16) = 0.64 
Ventral hippocampus F (1,16) = 0.01 F (1,16) = 0.21 F (1,16) = 3.23 
Dorsal hippocampus F (1,16) = 1.64 F (1,16) = 0.11 F (1,16) = 0.64 

B) Inflammatory markers 
iba1 

Retrosplenial cortex F (1,14) = 0.03 F (1,14) = 0.02 F (1,14) = 0.024 
Hypothalamus F (1,16) = 13.06 ∗∗ F (1,16) = 0.02 F (1,16) = 1.32 
Ventral hippocampus F (1,20) = 1.36 F (1,20) = 1.65 F (1,20) = 0.07 
Dorsal hippocampus F (1,20) = 0.23 F (1,20) = 1.22 F (1,20) = 0.14 

NF κB 

Prefrontal cortex F (1,42) = 1.95 F (1,42) = 12.12 ∗∗ F (1,42) = 0.51 
Hippocampus F (1,42) = 2.55 F (1,42) = 13.36 ∗∗∗ F (1,42) = 0.74 
Caudate-putamen F (1,42) = 0.39 F (1,42) = 0.72 F (1,42) = 3.49 ∗ 0.07 

Amygdala F (1,42) = 1.25 F (1,42) = 9.32 ∗∗ F (1,42) = 0.95 
I κB α

Prefrontal cortex F (1,15) = 8.26 ∗∗ F (1,15) = 0.27 F (1,15) = 0.19 
Hippocampus F (1,42) = 6.63 ∗ F (1,42) = 0.62 F (1,42) = 1.91 
Caudate-putamen F (1,42) = 2.25 F (1,42) = 1.41 F (1,42) = 1.99 
Amygdala F (1,42) = 5.73 ∗ F (1,42) = 6.81 ∗∗ F (1,42) = 12.27 ∗∗∗

iNOS 
Prefrontal cortex F (1,14) = 21.58 ∗∗∗ F (1,14) = 1.58 F (1,14) = 0.30 
Hippocampus F (1,42) = 8.30 ∗∗ F (1,42) = 0.01 F (1,42) = 0.04 
Caudate-putamen F (1,42) = 13.83 ∗∗∗ F (1,42) = 3.02 ∗ 0.09 F (1,42) = 1.22 
Amygdala F (1,42) = 3.01 0.09 F (1,42) = 1.25 F (1,42) = 2.22 

COX2 

Prefrontal cortex F (1,42) = 2.17 F (1,42) = 0.02 F (1,42) = 0.06 
Hippocampus F (1,42) = 11.17 ∗∗ F (1,42) = 0.98 F (1,42) = 4.07 ∗

Caudate-putamen F (1,42) = 7.49 ∗∗ F (1,42) = 1.71 F (1,42) = 0.15 
Amygdala F (1,42) = 9.78 ∗ F (1,42) = 3.91 ∗ F (1,42) = 2.90 0.09 

C) Oxidative markers 
CAT 

Prefrontal cortex F (1,42) = 2.91 0.09 F (1,42) = 0.48 F (1,42) = 2.81 
Hippocampus F (1,42) = 14.63 ∗∗∗ F (1,42) = 5.60 ∗ F (1,42) = 10.94 ∗∗

Caudate-putamen F (1,42) = 3.72 0.06 F (1,42) = 5.88 ∗ F (1,42) = 1.03 
Amygdala F (1,42) = 2.96 0.09 F (1,42) = 1.32 F (1,42) = 1.67 

SOD 

Prefrontal cortex F (1,15) = 11.00 ∗∗ F (1,15) = 7.58 ∗∗ F (1,15) = 1.35 
Hippocampus F (1,42) = 0.09 F (1,42) = 0.26 F (1,42) = 0.47 
Caudate-putamen F (1,42) = 1.05 F (1,42) = 0.11 F (1,42) = 1.19 
Amygdala F (1,42) = 3.32 ∗ 0.08 F (1,42) = 1.69 F (1,42) = 1.04 

GPx 
Prefrontal cortex F (1,14) = 12.32 ∗∗∗ F (1,14) = 0.21 F (1,14) = 1.78 
Hippocampus F (1,42) = 0.96 F (1,42) = 0.05 F (1,42) = 0.61 
Caudate-putamen F (1,42) = 5.71 ∗ F (1,42) = 0.26 F (1,42) = 0.20 
Amygdala F (1,42) = 0.01 F (1,42) = 0.85 F (1,42) = 0.29 

Each column represents the ANOVA F -test for MIS, risperidone treatment, and its interaction for the studied areas. F: ANOVA F -test. 
∗∗∗ p < 0.001. 
∗∗ p < 0.01. 
∗ p < 0.05. 
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Fig. 5 Risperidone-related effects on the expression of neurotrophic and IOS markers in saline and MIS-offspring. (A) Densitometric 
analysis of TrkB, BDNF, and iba1 expression in the retrosplenial cortex, hypothalamus, ventral hippocampus, and dorsal hippocampus 
( N = 5–6 animals). Representative bands of TrkB, BDNF, and iba1 (upper bands) and the loading control, β-actin (lower bands), are 
shown above their corresponding graph bars. (B) NF κB activity, inflammatory marker expression (I κB α, iNOS, COX2), and antioxi- 
dant enzyme activity (GPx, CAT, SOD) in the prefrontal cortex, hippocampus, caudate-putamen, and amygdala ( N = 8–15 animals). 
Representative bands of I κB α, iNOS, and COX2 (upper bands) and the loading control, β-actin (lower bands), are shown above their 
corresponding graph bars. Each column represents the mean ± SEM of 5–8 animals. 2-way ANOVA followed by a pairwise interaction 
contrast [ ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05 vs vehicle-treated animals, &&& p < 0.001, && p < 0.01, & p < 0.05 vs saline animals]. 
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ompared with saline-offspring. A nearly significant risperi- 
one effect was found in the caudate-putamen with re- 
uced iNOS expression in MIS-offspring. No interaction was 
ound. 

.4.5. COX2 

 significant MIS effect was found in the hippocampus, 
audate-putamen and amygdala, with increased COX2 ex- 
ression in MIS-offspring compared with saline-offspring. A 
ignificant risperidone effect was found in the amygdala, 
ith decreased COX2 expression in MIS-offspring. An inter- 
ction was found in the hippocampus and almost significant 
n the amygdala. 
.4.6. GPx 

NOVA revealed a significant MIS effect in the PFC
nd caudate-putamen, with reduced GPx activity in MIS- 
ffspring compared with saline-offspring. Risperidone did 
ot modify GPx activity. No interaction was found. 

.4.7. CAT 

 significant MIS effect was found in the hippocampus and
lmost significant in the PFC, caudate-putamen and amyg- 
ala, with decreased CAT activity in MIS-offspring compared 
ith saline-offspring. A significant risperidone effect was 
ound in the hippocampus and caudate-putamen. An inter- 
ction was found in the hippocampus. 
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3.4.8. SOD 

A significant MIS effect was shown in the PFC and almost
significant in the amygdala, with lower SOD activity in
MIS-offspring compared with saline-offspring. Moreover, a
significant risperidone effect was found in the PFC, with
increased SOD activity in MIS-offspring. No interaction was
found. 

4. Discussion 

Four are the main findings of this study. Thus, the adminis-
tration of risperidone during adolescence prevents various
schizophrenia-related abnormalities in the MIS model: (1)
prevents brain volumetric abnormalities in ventricles and
pituitary but decreases the volume in the hippocampus and
the total brain, probably due to the risperidone dose used,
(2) counteracts cortical and basal ganglia metabolic abnor-
malities, (3) reduces the expression of brain inflammatory
markers but not of OS markers, and (4) does not revert the
deficits in the BDNF/TrkB system. 

4.1. Risperidone prevents brain volumetric 

abnormalities in ventricles and pituitary 

The many brain volumetric abnormalities associated with
schizophrenia and psychosis include reduced volume in
global brain and in the frontotemporal cortical and subcor-
tical GM regions and increased volume in ventricles ( Haijma
et al., 2013; van Erp et al., 2016 ). UHR subjects also show
abnormalities in the PFC and temporal and cingulate cortex
before FEP ( Chung et al., 2017; de Wit et al., 2016 ). In this
study, we replicated the hallmark of structural abnormali-
ties associated with the MIS model, such as enlarged ventri-
cles and smaller hippocampal volumes ( Piontkewitz et al.,
2011 , 2009 ). We also observed a reduction in caudate-
putamen volume, which has never been reported in the MIS
model but has been shown in antipsychotic-naïve FEP pa-
tients ( Ebdrup et al., 2010 ). 

The effects of risperidone on brain volume in people
at UHR of psychosis have received little attention. Only 1
meta-analysis has shown the effects of low-dose risperidone
on rates of transition to psychosis, with positive results at
12 months and no difference at 3 years, although the study
was subject to several methodological limitations ( McGorry
et al., 2013 ). In our study, treatment with risperidone during
adolescence prevented enlargement of ventricles in adult-
hood, as observed by Piontkewitz et al. (2011 ), although
it did not prevent the reduced hippocampal volume in the
MIS-offspring reported elsewhere ( Piontkewitz et al., 2011 ,
2009 ). Failure to see favorable hippocampal changes in MIS
compared with saline-offspring could be influenced by the
age of the animals scanned compared with Piontkewitz (3–4
months) and by differences in the MRI acquisition protocol
and analysis ( Piontkewitz et al., 2011 ). Recent evidences
indicate that antipsychotic treatment is associated with
changes in hippocampal function and volume that can vary
depending on the antipsychotic drug. Thus, aripiprazole,
a second-generation antipsychotic (SGA) with partial ago-
nism at 5-HT1A receptors, has been found to increase hip-
pocampal volume in FEPs compared to other SGAs ( Bodnar
et al., 2016 ), while quetiapine, a SGA with low agonism at
5-HT1A receptors, have shown loss of hippocampal volume
in antipsychotic-naive FEP patients after 6 months of treat-
ment ( Ebdrup et al., 2011 ). At this respect, risperidone a
SGA with no agonism at 5-HT1A receptors, would behave
as quetiapine, lowering the hippocampal volume. Moreover,
we also observed reduced global brain volume in both con-
trol and MIS-offspring treated with risperidone. Therefore,
volume reduction in this brain area may be related to the
high dose used in our study as other authors have pointed
out ( Massana et al., 2005; Piontkewitz et al., 2011 ). Of note,
we found a positive interaction between MIS and risperidone
treatment in the septo-hippocampal area, an area closely
connected to the hippocampus, being critical in learning,
attention and working memory ( Bortz and Grace, 2018 ). The
increased volume of this area in risperidone-treated MIS-
offspring could mediate the improvements in prepulse inhi-
bition of acoustic startle ( Ma et al., 2004 ) and latent inhi-
bition ( Turgeon et al., 2001 ) seen in animals with lesions in
this area. 

Several studies have addressed the effects of risperidone
on basal ganglia morphometry, showing increased GM vol-
ume in the caudate-putamen after 3 months ( Massana et al.,
2005 ) in neuroleptic-naïve FEP patients. Evidence from an-
imal studies showed that haloperidol also induced a sig-
nificant increase in caudate-putamen volume ( Andersson
et al., 2002 ). However, no animal studies have been per-
formed with risperidone. Here, we showed risperidone to
be associated with increased caudate-putamen volume in
MIS-offspring. It is noteworthy that risperidone was admin-
istered over a short period that was critical for neurode-
velopment, indicating that the dose of risperidone adminis-
tered during this window of opportunity must be as low as
possible. Therefore, the mechanisms underlying progressive
brain changes, such as those due to antipsychotics, warrant
further research. 

One unexpected result was the increased pituitary vol-
ume in MIS-offspring, presumably reflecting activation of
the hormonal stress response. Study of the HPA-axis has
recently generated considerable interest, since stress has
been proposed as a potential trigger of psychosis ( Borges
et al., 2013; Takahashi et al., 2011 ). In fact, several stud-
ies have shown that FEP patients presented higher lev-
els of plasma cortisol than controls, thus supporting the
idea of a hyperactive HPA-axis ( Borges et al., 2013; Re-
niers et al., 2015 ) which precedes the onset of psychosis
( Mondelli, 2014 ). Specifically, the pituitary is larger in UHR
subjects ( Nordholm et al., 2013; Pariante, 2008 ) and, ac-
cordingly, our research provides evidence of an activation
of the HPA-axis in the MIS model that is supported by re-
duced hippocampus and increased pituitary volumes. Re-
markably, we found that risperidone prevented pituitary en-
largement, suggesting that pituitary volume could be con-
sidered a new marker of structural abnormalities associated
with schizophrenia in the MIS model. 

4.2. Risperidone counteracts cortical and basal 
ganglia metabolic abnormalities 

PET studies support the existence of cortical and subcorti-
cal dysfunctions ( Buchsbaum and Hazlett, 1998; Kim et al.,
2017 ), suggesting that schizophrenia is a disorder with
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idespread cerebral dysfunction and neurochemical alter- 
tions, including several neurotransmitter systems ( Dean, 
012; Frankle et al., 2005; Kim et al., 2015 ). Specifically,
DG-PET studies in schizophrenia patients have mainly re- 
orted decreased glucose metabolism in the whole brain 
 Volkow et al., 1987 ), frontal lobe ( Bralet et al., 2016;
uchsbaum and Hazlett, 1998 ), temporal lobe ( Bralet et
l., 2016; Buchsbaum et al., 2002 ), parietal lobe ( Cleghorn
t al., 1989 ), mediodorsal and centromedial thalamic nu- 
lei ( Hazlett et al., 2004 ), hippocampus ( Tamminga et al.,
992 ), and cingulate cortex ( Fujimoto et al., 2007 ). How-
ver, no PET studies have evaluated people at UHR for psy-
hosis (probably due to the radioactive nature of the im-
ge study), although efforts are being made to identify neu-
oimaging indicators of vulnerability to psychosis. 
In our study, treatment with risperidone during adoles- 

ence prevented the increased metabolism in the nucleus 
ccumbens and the decreased cortical and hippocampal 
etabolism previously reported by our group in the MIS- 
ffspring compared to saline-offspring ( Hadar et al., 2015 ).
urthermore, a negative interaction is also evident in the 
mygdala-entorhinal area, showing how risperidone treat- 
ent at adolescence induce opposite metabolic responses 

n healthy and MIS-adult animals. Therefore, this mecha- 
ism would suggest a certain counteraction of the increased 
etabolism in this area in the MIS model ( Hadar et al.,
015 ). Thus, 2 weeks of risperidone treatment during this 
ritical period seem sufficient to alter the profile of limbic 
etabolism in adulthood, which could probably be respon- 
ible for the sensory gating deficits seen in the MIS model
 Hadar et al., 2015; Piontkewitz et al., 2011 ). Remarkably,
e found a positive interaction between MIS condition and 
isperidone treatment in the brainstem and the hippocam- 
us. Both structures are neural targets for risperidone and 
ith well-established roles in cognitive processes ( Anwar 
t al., 2016; Godsil et al., 2013 ). Thus, this result is con-
istent with increased perfusion in the brainstem and the 
osterior hippocampus observed in patients treated with 
isperidone ( Molina et al., 2008 ). 
Moreover, it is noteworthy that risperidone induced de- 

reased metabolism in the cerebellum and PAG in both 
aline and MIS-offspring. The cerebellum is richly innervated 
y serotonin, and serotonergic fibers are the third main af-
erent fibers in the cerebellum ( Oostland and van Hooft,
013 ). During postnatal cerebellar development, coinciding 
ith the administration of risperidone in this study, sero- 
onin plays a critical role in the stimulation of the growth
nd formation of dendrites and stabilization of synapses 
 Oostland and van Hooft, 2013 ), being responsible for mo-
or and cognitive functions ( Bostan et al., 2013; Stoodley
t al., 2012 ). On the other hand, the dopaminergic neurons
n the PAG play a key role in the modulation of nociception
nd the circuits responsible for opiate responding ( Eippert 
nd Tracey, 2014; Meyer et al., 2009 ). Indeed, risperidone
roved to induce analgesic effects and enhance the anal- 
esic action of morphine in rats ( DiPirro et al., 2011 ). Con-
equently, the reduced metabolism shown in the cerebellum 

nd PAG could be related to the effects of risperidone over
opaminergic and serotonergic fibers and could potentially 
e considered as side effects induced by risperidone. Fur- 
hermore, although our approach involved short-term treat- 
ent, the dose and frequency used could be associated with
he risk of extrapyramidal side effects ( Schoretsanitis et al.,
016 ). However, behavioral studies are needed to corrobo-
ate this issue. 

.3. Risperidone reduced expression of brain 

nflammatory markers but not of OS markers 

ur results indicate that the MIS model shows activation of
he pro-inflammatory pathway and reduction in the activity 
f antioxidant enzymes, with marked differences between 
he brain areas studied. Furthermore, risperidone is able 
o reduce NF κB activity and iNOS expression in almost all
tructures at adulthood, except caudate-putamen for NF κB 
ctivity and hippocampus for iNOS expression, suggesting 
hat risperidone exerts its anti-inflammatory action mainly 
hrough the iNOS pathway. 
Adult MIS-offspring exhibited increased expression of in- 

racellular pro-inflammatory molecules in the hippocam- 
us, which could be responsible for the smaller hippocampi
ound in this study. Microglial activation was also evidenced
n the hypothalamus of MIS-offspring and was accompa- 
ied by increased iNOS expression. Moreover, we detected 
igher levels of pro-inflammatory molecules in the caudate- 
utamen and amygdala, but decreased activity of the an-
ioxidant enzymes CAT and GPx in the PFC and caudate-
utamen and of CAT and SOD in the amygdala. The increased
icroglial activation and iNOS expression, together with the 
xidative imbalance, underlay the inflammatory and oxida- 
ive etiology of this disorder ( Ribeiro et al., 2013 ). The al-
ost significant trend towards increased NF κB activity in
he PFC and hippocampus in the MIS model is noteworthy
nd may explain the increased expression of its inhibitory
ubunit I κB α as a compensatory mechanism to restore in-
ammatory balance, as reported in other experimental set- 
ings ( MacDowell et al., 2017a ). The differences observed
etween the brain areas studied can be explained by the
ctivation of other products of the antioxidant nuclear 
actor NRF2 (erythroid 2–related factor 2) pathway, such 
s HO1 (heme oxygenase-1) and NQO1 (NAD(P)H:quinone 
xidoreductase1), and by other counterbalancing mecha- 
isms, such as the anti-inflammatory nuclear factor PPAR γ
peroxisome proliferator-activated receptor γ ) and the dy- 
amics of microglial activation M1/M2, in which the cy-
okine environment plays a key role ( Martin-Hernandez et
l., 2016 ). Moreover, it was recently reported that post
ortem brains of chronic schizophrenia patients differently 
xpressed NF κB/I κB α in the PFC and cerebellum, suggesting
hat the regulation of these elements could differ between
hese areas ( MacDowell et al., 2017b ). 
Remarkably, we found that risperidone blocks the 

ncrease in inflammatory parameters in most of the 
reas studied, without affecting the OS markers and mi-
roglial activation. A large body of evidence indicates 
hat long-term treatment with antipsychotics enhances 
nti-inflammatory activity and reduces expression of pro- 
nflammatory markers in patients ( Meyer et al., 2011 ).
evertheless, no studies have evaluated short-term treat- 
ent in young subjects at UHR of psychosis. Preclinical
tudies have shown that administration of antipsychotics 
efore lipopolysaccharide injection in mice immediately 
romotes a net anti-inflammatory effect by decreasing 
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pro-inflammatory cytokine concentrations and enhancing
anti-inflammatory cytokine concentrations in serum ( Sugino
et al., 2009 ). Moreover, risperidone normalizes elevated
levels of inflammatory intracellular mediators and re-
stores the anti-inflammatory pathways mediated by PPAR γ
in murine neuroinflammation models ( MacDowell et al.,
2013 ). In addition, paliperidone, a risperidone metabolite,
induces synergic activation and preservation of endogenous
antioxidant/anti-inflammatory mechanisms such as the
NRF2 and PPAR γ pathways in a MIS model administered at
low doses for 21 days ( MacDowell et al., 2017a ). 

4.4. Risperidone did not improve MIS-related 

BDNF/TrkB pathway 

We evaluated the expression of BDNF and its receptor TrkB,
whose deficits have been linked to various psychiatric disor-
ders ( Gupta et al., 2013; Nieto et al., 2013 ). Our MIS animals
exhibited reduced expression of TrkB in the hypothalamus
and hippocampus. Moreover, a tendency towards a reduced
expression of BDNF was found in the hypothalamus, which
would have probably reached statistical significance with a
larger sample size. Our results are consistent with previous
studies ( Barrientos et al., 2003; Gibney et al., 2013 ), sug-
gesting that the MIS model is associated with an alteration
of the BDNF/TrkB system in synaptic plasticity and, conse-
quently, contributes to the pathophysiology in this model.
Moreover, the fact that the protein expression abnormalities
occurred in the hippocampus and hypothalamus could point
to malfunctioning of the HPA-axis in schizophrenia, which
would be responsible for the volumetric abnormalities we
found in the pituitary and hippocampus of these animals.
More studies are necessary to demonstrate this HPA-axis dis-
order. 

The 2-week treatment with risperidone during adoles-
cence seems to improve the reduced BDNF expression ten-
dency in the hypothalamus of adult MIS-offspring. Antipsy-
chotics generally act by blocking dopamine transmission
at D2-like receptors; specifically, BDNF controls expression
of one of these receptors. Thus, BDNF has been linked
to the dopamine neurotransmission pathway in schizophre-
nia and its treatment ( Guillin et al., 2007 ), with higher
plasma BDNF levels indicating a better response to antipsy-
chotics ( Lee and Kim, 2009 ). Our results and these find-
ings reinforce the involvement of the HPA-axis in the MIS
model and the hypothalamic tissue-specific site of action of
antipsychotics. 

4.5. Limitations 

Our study is subject to several limitations. The first is
the animal model used. Although the MIS model is a well-
validated model of schizophrenia, animal models cannot
fully reproduce this uniquely human disorder. Nevertheless,
they causally demonstrate that early interventions can pre-
vent the emergence of schizophrenia-like phenotypes. Sec-
ond, we evaluated an antipsychotic with anti-inflammatory
properties for prevention of schizophrenia. Risperidone was
chosen, since it is widely used in young children with per-
vasive developmental disorders and autism and in high-risk
individuals, and proved effective in a neurodevelopmental
animal model ( Aman et al., 2015; Piontkewitz et al., 2011;
Vitiello et al., 2009 ). However, additional prevention stud-
ies with new agents are necessary. 

5. Conclusion 

To our knowledge, this is the first PET study to show that
treatment with risperidone during adolescence prevents
various schizophrenia-related metabolic brain abnormali-
ties at adulthood in the experimental MIS model in rats,
such as the hippocampal and cortical metabolism reduc-
tion. We also demonstrated dysregulation of inflammatory
markers and impairment of the HPA-axis, i.e., higher pitu-
itary volume, which are partially counteracted by the ac-
tion of risperidone during this critical period in the MIS
animal model. In summary, our study suggests that some
schizophrenia-related changes in inflammation and oxida-
tive stress can be prevented in the MIS model and highlights
the need for novel strategies to alter disease course based
on anti-inflammatory compounds in risk populations at early
stages. 
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